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Environmental signals and transgenerational epigenetics
The majority of environmental factors and toxicants do not have the ability to alter DNA sequence or promote genetic mutations [1, 2] , which is due in large part to the stable nature of the genome. Environmental agents that promote abnormal phenotypes or disease often act in early-life exposures that lead later in life to adult-onset disease [3] . The environmental effects do not appear to be mediated through genetic mechanisms, but instead altered molecular processes such as epigenetics [1, 4, 5] . In the event these environmental factors promote a heritable or familial transmission of the disease phenotype, it often involves non-Mendelian inheritance.
Changes in the epigenome have been described in response to environmental stimuli in several organisms (e.g., rodents and humans). Examples range from nutritional factors such as folate methyl donors [6, 7] , inorganic contaminants such as arsenic [8, 9] , drugs such as cocaine [10] , endocrine disruptors such as bisphenol A (BPA) [11] [12] [13] , phyto estrogens [14, 15] and chemicals used in agriculture, such as vinclozolin [16] . Other studies have focused more on relating behavior to DNA methylation through examining maternal behavior [17] or depression [18] . Metabolic disease associated with nutrient restriction also involves epigenetics [19] . In addition, nutrition has been shown to effect epigenetics and development in honey bees [20] .
The heritable transmission of environmentally induced phenotypes is referred to as trans generational inheritance [1, 21] . In order to distinguish those transgenerational processes that require a persistent multigenerational action of the environment from those requiring only a one-time single generation exposure, we proposed a clarification of the term transgenerational epigenetics, separating them into intrinsic and extrinsic categories [22] . The vast majority of epigenetic changes derived from environmental exposures will involve somatic cells and not promote transgenerational phenotypes. However, these somatic cell effects will be critical for the individual exposed in regards to potential adult-onset disease or other alterations in phenotype [1] . In contrast to germline development, somatic cell-sensitive periods in which environmental signals produce epigenetic changes are numerous [23] [24] [25] [26] . An extrinsic transgenerational phenotype requires a continued multigenerational exposure to the factor (often at only a specific period of development) triggering an epigenetic change. For example, the ability of good maternal behavior (e.g., early postnatal pup licking in rodents) can program the same good maternal behavior in the female adults that then pass this on to their offspring in a similar manner [27, 28] . Without the continued generational maternal behavior and epigenetic programming of the brain and behavior in the female offspring, the transgenerational phenotype would be lost [27, 28] . In the event a germline epigenetic alteration is involved, the exposure has the potential to promote an intrinsic transgenerational phenomena, which will promote The ability of an environmental factor or toxicant to promote a phenotype or disease state not only in the individual exposed, but also in subsequent progeny for multiple generations, is termed transgenerational inheritance. The majority of environmental agents do not promote genetic mutations or alterations in DNA sequence, but do have the capacity to alter the epigenome. Although most environmental exposures will influence somatic cells and not allow the transgenerational transmission of a phenotype, the ability of an environmental factor to reprogram the germline epigenome can promote a transgenerational inheritance of phenotypes and disease states. A limited number of critical developmental periods exist when environmental signals can produce a significant epigenetic reprogramming of the germline. In this review, the ability of environmental factors or toxicants to promote epigenetic transgenerational phenotypes is reviewed.
a transgenerational phenotype independent of continued environmental exposures [16] (TABLE 1). Examples of intrinsic trangenerational phenotypes are described.
Epigenetics
Epigenetics is defined as 'molecular factors and processes around DNA that regulate genome activity independent of DNA sequence and are mitotically stable'. Regulatory processes such as DNA methylation, histone modifications, chromatin structure and noncoding RNA are all examples of epigenetic factors (TABLE 2) . Epigenetic regulation of genome activity is critical in the development and maintenance of cellular function and differentiation. The term epigenetics was originally coined by Conrad Waddington in his discussion of gene-environ ment interactions [29] . The first molecular factor identified was DNA methylation in the 1970s [30] followed by histone modifications in the 1990s [31] . Therefore, the molecular elements of epigenetic regulatory processes have only recently been elucidated [1] . These epigenetic processes are likely to be equally important in regulating genome activity (i.e., gene expression) as the DNA sequence (i.e., genetics).
The ability of environmental factors or toxicants to influence epigenetic processes associated with altered phenotypes has been shown in a number of different model systems [1, 3, 4] . One of the first observations of how the environ ment could influence epigenetics and phenotype was observed in plants [32] . A classic mouse model with a metastable epiallele developed is the Agouti line [33, 34] . An epigenetic modification of the Agouti locus alters coat color and influences metabolic disease (e.g., obesity) [5, 33] . Environmental agents, such as the estrogenic substance plastic component BPA, can modulate the Agouti locus DNA methylation state to alter phenotypes in the mouse [11] .
As discussed, the majority of the actions of environmental factors are on somatic cells, TABLE 3. Examples of specific toxicants acting on a given tissue to promote a disease state in many cases involves epigenetic processes. An example is the action of the BPA on the pubertal prostate to promote an epigenetic effect on DNA methylation that is associated with adult-onset prostate disease [12] . Similar effects have also been observed with the fungicide vinclozolin [35] on prostate disease. The majority of environmental factors influencing adult-onset disease will likely involve direct or indirect epigenetic modifications in the tissue or somatic cells involved [1] . These somatic cell effects will be critical in the etiology of disease in the individual exposed, but the phenotype will not become transgenerational without the involvement of the germline. Nevertheless, if multigenerational exposures occur [27, 28] , the transgenerational process will be extrinsic [22] (TABLE 3) .
Since the germline is required for the transmission of genetic information between generations, in the event a permanent epigenetic modification of the germline occurred, then an intrinsic epigenetic transgenerational pheno mena would be possible. In considering germ-cell biology there are critical periods of development where epigenetic modifications are influenced. During embryonic development in mammalian species, the primordial germ cells migrate down the genital ridge to the developing gonad prior to sex determination as a germline stem cell [36] [37] [38] . Upon gonadal sex determination the germ cells develop into a male or female germline. The female germline develops and then enters meiosis in the developing embryonic ovary [36] [37] [38] . The male germline continues to proliferate until immediately prior to birth, and then resumes proliferation after birth. In the adult, the female germline undergoes oogenesis during follicle development to generate oocytes. The male germline develops from spermatogonial stem cells and requires spermatogenesis for the production of spermatozoa in the testis. Epigenetic programming of the germline occurs during the migration of the primordial germ cells in the embryo. The migrating primordial germ cells undergo an erasure or demethylation of the DNA during genital ridge migration, and colonize the early bipotential gonad prior to gonadal sex determination [36] [37] [38] . Then, when gonadal development and sex determination is initiated, the primordial germ cells develop female-or male-germ-cell lineage and remethylate the DNA in a male or female specific manner. Therefore, the germ-cell DNA is demethylated and remethylated during gonadal sex determination, and appears sensitive to environmental factors [36] [37] [38] (FIGURE 1).
Although there are alterations in the male and female germline epigenomes (i.e., DNA methylation) during gametogenesis in the adult gonads [39] , the embryonic period of gonadal sex determination is the most critical in establishing the epigenome and cell fate [40] . This developmental period is the most sensitive to environmental insults influencing the epigenome (e.g., imprinting). In contrast to the female germ cell, which could allow the transmission of numerous types of epigenetic processes, the male germ cell during spermatogenesis replaces the majority of histones with protamines, involves DNA condensation to eliminate chromatin structure and silences the genome for expression of the majority of genes and noncoding RNAs [41] . Although the histones retained have recently been suggested to map to critical genome regions [42] , the functional impact of altering these histones remains to be determined. Therefore, the primary epigenetic process established that is transmitted through the male germline is DNA methylation. An example of this involves imprinted genes that have a specific pattern of DNA methylation that is transmitted through a parent of origin allele to subsequent progeny [43] . These imprinted sites regulate gene expression in an allele-specific manner. Therefore, DNA methylation has the potential to be a transgenerational epigenetic mechanism [43] .
Owing to the reprogramming of the germline that occurs during gonadal sex determination, this is one of the most sensitive periods for environmental exposures to influence germ-cell fate programming and create a transgenerational phenotype. The epigenome modifications during gametogenesis in the adult are critical for germcell differentiation and function, but their role in epigenome programming (e.g., imprinting) is less critical. Although epigenetic modifications in the adult germline during gametogenesis can influence the offspring from the affected germline, subsequent transgenerational effects have not been documented [39] .
Transgenerational phenotypes
The majority of known environmentally induced epigenetic effects will involve direct exposures and action on somatic tissues. In contrast, intrinsic transgenerationally induced phenotypes exclude persistent generational exposures and must be transmitted through multiple generations [1, 44] . For example, exposure of a gestating female provides direct exposure of the F0 generation female, the F1 generation embryo, and the germline that will generate the F2 generation is also directly exposed [44] . Therefore, investigation of the phenotype in the F3 generation is required to observe a transgenerational effect that is independent of direct exposure. The effects observed in the F0 and F1 generations were due to direct somatic cell exposures, as well as that in the F2 generation germline [1, 44] . The ability of a direct exposure to influence multiple generations is defined as a multiple generation phenotype (TABLE 3) , and not a transgenerational phenotype. In contrast, an intrinsic trans generational process requires the absence of continued direct environmental exposure (TABLE 3) . A class of environmental compounds or toxicants involved in such phenotypes are endocrine disruptors that interfere with normal hormone signaling. A classic example of a multigenerational toxicology involves the pharmaceutical agent with estrogen agonist activity, diethylstilbesterol (DES) [45] . Exposure of a gestating female to [46, 47] . Interestingly, the pheno type of the F1 and F2 generations have differences. Limited information exists for the F3 generation in humans, but F3 generation rodent models have not exhibited a major phenotype [45] [46] [47] . It is possible that DES could promote a transgenerational phenotype, but extended generations need to be investigated [46] . Another example of a multigenerational toxicology is a study with flutamide [48] . This antiandrogenic endocrine disruptor after exposure of a gestating female promoted an F1 generation abnormality in the testis and F2 generation effects in skeletal development, but no F3 generation effects [48] . Again, the F1 and F2 generation phenotypes were distinct. In contrast, the endocrine disruptor vinclozolin did promote transgenerational phenotypes in the F3 generation [48] . These pheno types include spermatogenic cell defects in the testis [16, 49] , and a number of other adult-onset diseases [50, 51] . Another example of multi generation effect is due to prenatal nutrient restriction. Bertram et al. have shown that changes in heart structure and in the hypothalamo-pituitary-adrenal function can be observed in the F2 generation rodents after prenatal nutrient restriction [52] . Environmental factors and toxicants that promote multiplegeneration effects involving direct exposure have been observed for numerous agents [1, 3] . These multigenerational exposures and phenotypes are not trans generational, although they are critical to consider in order to evaluate the toxicology of an environmental agent.
In summary, intrinsic transgenerational phenotypes require transmission between generations through the germline. These trans generational phenotypes occur in the absence of persistent exposure (TABLE 3) . Somatic cell targets are critical and common in order to promote adult-onset disease and alteration in phenotypes, but are not able to transmit the phenotype transgenerationally without continued direct exposure. Therefore, the critical target cell for an intrinsic transgenerational process is the germline.
Epigenetic transgenerational phenomena
The initial observations of epigenetic transgenerational phenotypes were in plants, and involved DNA methylation and paramutation mechanisms [32, 53] . Evidence appeared in mammals when the transient exposure of the environmental compound vinclozolin during gonadal sex determination was found to promote an adultonset disease in the F1 generation as well as subsequent generations (i.e., F1-F4) [16] . This was found to be due in part to DNA methyl ation changes in the male germline (i.e., sperm), and promoted transgenerational changes in the transcriptomes of a number of tissues [54] [55] [56] . The adult-onset diseases observed included testis abnormalities, prostate disease, kidney disease, immune abnormalities and tumor development [50] . Therefore, the environmental toxicant vinclozolin after exposure of a gestating female during the critical period of gonadal sex determination appears to have modified the male sperm epi genome to allow the transgenerational transmission of adultonset disease [1, 16] (FIGURE 1) . A recent study suggests the transgenerational actions of vinclozolin may 
114
future science group not involve its antiandrogen endocrine disruptor actions, but other unknown actions [48] . These studies provide one of the first examples of epigenetic transgenerational inheritance promoting adult-onset disease [16] . Several other environmental factors and models are now being used to further describe these epigenetic transgenerational phenomena [57, 58] . The Agouti mouse model has been used to document a transgenerational obesity adult-onset disease phenotype [59] . Modification of the DNA methylation pattern of the Agouti locus with environmental toxicants such as BPA modified this phenotype [11] . Another example involves the ability of BPA to promote testis abnormalities for three generations (F1-F3) [60] . Nutritional deficits in early-life, such as famine in humans, can promote a transgenerational response [61] , and influence transgenerational genetic defects [62] . A number of heritable disease states also appear to be of epi genetic origin (e.g., multiple sclerosis) [63] . Therefore, further analysis of the actions of environ mental factors and toxicants when exposure could effect the germline need to be performed to elucidate the extent to which epi genetic transgenerational phenomena are involved in adult-onset disease and environmental toxicology.
Conclusion & future perspective
Intrinsic epigenetic transgenerational processes will require the involvement of the germline to allow the transmission of an epigenetic abnormality between multiple generations. The ability of environmental factors or toxicants to promote an alteration in the epigenome will be common for somatic tissues, but less common for the germline due to the limited developmental period in which the germline is sensitive to reprogramming. In the event an altered germline epigenome becomes permanently programmed, an epigenetic transgenerational phenotype would be possible. The phenomena of the fetal basis of adult-onset disease has been established [1, 3] , and epigenetics will likely play a critical role in this process. In considering the role of environmental agents in disease, both the transient early-life exposures in the individual and/or the potential involvement of the germline need to be considered in the eti ology of adult-onset disease. Further investigation into the role of epigenetics in disease etiology is now needed to determine if early-life exposures may be a significant factor in disease. Elucidation of the epigenetics involved in transgenerational processes would provide insights into the diagnosis of exposure and potential therapeutic targets for disease. Although the prevalence of trans generational epigenetic processes needs to be assessed in various disease states, the role of epigenetics will likely be a major factor to consider in toxicology and medicine in the future.
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Executive summary
Environmental factors & disease etilology " Environmental factors do not generally promote genetic mutations or change DNA sequence, but have a significant impact in disease etiology. " Environmental factors can alter epigenetic processes to promote changes in genome activity (promotion of epimutations) to influence adult-onset disease. " During critical periods of development when organ system are rapidly differentiating they are most sensitive to environmental factors altering the epigenome, which later in life promotes adult-onset disease. Site of action versus phenotypes from environmental factors & exposures " The majority of factors and exposures will act on somatic cells and tissues, which will be critical for adult-onset disease in the individual exposed, but not capable of transmitting a transgenerational phenotype. " In the event, an exposure or environmental factor permanently alters the germline (i.e., sperm and egg) epigenome, a transgenerational epigenetic phenotype can develop. Transgenerational phenotype versus multigenerational phenotypes " When multiple generations are directly exposed to an environmental factor or toxicant (e.g., F0 generation mother, F1 generation embryo and F2 generation germline) and the phenotype is only observed in those generations directly exposed, then a multigenerational phenotype is observed. " In the event, the phenotype is observed in subsequent generations without direct exposure, then a transgenerational phenotype is observed (e.g., transgenerational inheritance).
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